Background-Cardiosphere-derived cell (CDC) transplantation can improve global left ventricle ejection fraction (LVEF) post-infarction (MI). Here, we examined the effects of CDC transplantation on regional function and dyssynchrony post-MI.
Introduction
Myocardial infarction is an important cause of heart failure.(1) Left ventricular dyssynchrony, frequently observed in heart failure is a predictor of poor outcome. Cardiac resynchronization therapy (CRT) can reduce symptoms, induce reverse remodeling and improve survival, but patients with ischemic cardiomyopathy often do not respond to this therapy. (2, 3) Stem cell transplantation is a novel therapy that offers the potential of regenerating myocardium and improving mechanical synchrony post-infarction (MI). (4) Autologous cardiosphere-derived stem cell (CDC) therapy is currently in phase 1 clinical trials in the U.S.(CADUCEUS, see www.clinical trials.org) Cardiosphere-derived cells (CDCs) are progenitor cells derived from monolayer outgrowth of heart tissue and are comprised of subpopulations of cells with markers of cardiac progenitor cells (c-kit + / CD90 − ), mesenchymal stem cells (c-kit − /CD105 + ,90 + ) and endothelial cells (c-kit − /CD34 + ), that together, have a synergistic effect on cardiac regeneration.(5) Experimental studies reveal that upon transplantation into infarcted myocardium, CDCs secrete paracrine factors, differentiate into endothelial cells or cardiac myocytes (6) , (7) and improve LVEF (5) . Since paracrine factors can impact global cardiac function, it is essential to determine the contribution of improved regional function of the infarcted region to increase in LVEF following CDC transplantation post-MI. Here, we investigated the contribution of regional cardiac function and mechanical dyssynchrony in the recovery of LVEF post-CDC transplantation in a syngeneic rat model, since it permits cell tracking by PET, detailed assessment of cardiac function by echo and quantification of engraftment by quantitative PCR. We hypothesized that CDC therapy would improve function by inducing reverse remodeling of the infarcted region. Our results indicate that despite low levels of CDC engraftment, circumferential strain and dyssynchrony improved in the infarct/peri-infarct region, and were correlated with increase in LVEF 4wks post-MI.
Methods

Isolation of cardiosphere-derived stem cells and tissue culture
CDCs were isolated from hearts of male, 3 month old, Wistar Kyoto (WKY) rats (Harlan, Indianapolis, Indiana, USA) as described previously. (5, 8) Briefly, small pieces of myocardial tissue (explants) derived from young male rats were placed on fibronectin coated dishes. In the following days, cells exited the explants and formed an adherent monolayer on the dish surface with phase bright cells on top. These cells are harvested with mild enzymatic digestion and transferred to D-poly-lysine coated dishes, where they form three dimensional structures called cardiospheres which are enriched in cardiac progenitors. Cardiospheres are subsequently harvested and grown as monolayers in fibronectin-coated flasks -these cells are called cardiosphere-derived cells (CDCs). CDCs were cultured in IMDM medium (containing 4.5 gm/l glucose, 20% FBS, 10% glutamine, 10% Pen/strep and 0.1mM mercaptoethanol) and expanded to 3 passages prior to transplantation.
Animal surgery -cell injection
Rats were chosen for these studies because they permit detailed assessment of cardiac mechanics by echocardiography, cell tracking by in vivo PET and quantification of engraftment by PCR. We used WKY rats, which are genetically identical and performed gender mis-matched transplantation: CDCs derived from male rats were injected into female rats, in order to permit quantification of engraftment by quantitative PCR, for the malespecific SRY gene.
Female WKY rats weighing 180-200gm were used. Animals were intubated; anesthesia was induced with 4% isoflurane inhalation and maintained with 2% inhalation. The heart was exposed through a left lateral thoracotomy, MI was induced by permanent ligation of the mid portion of the left anterior descending coronary artery (LAD) using a silk 5.0mm suture (Ethicon) and animals were randomly assigned to two groups, namely PBS/control (n=7) or CELL (n=7) group. Immediately following LAD occlusion, 100 uL of PBS or 2×10 6 rCDCs, suspended in 100uL of Ca 2+ and Mg 2+ -free PBS were injected intra-myocardially into 2 sites of the infarct region, using a 28G needle, the chest was closed and animals were allowed to recover.
PET imaging
In vivo PET imaging of 18 FDG-labeled rCDCs and myocardial perfusion( 13 NH 3 ) were performed in a separate group of animals (n=7) to characterize the infarct model and examine CDC localization post-transplantation. Please see the supplemental data section for details of PET imaging and data analysis.
Echocardiography
We performed echocardiograms in 10 non-infarcted rats, and in infarcted rats at 2 time points, namely, 1 and 4 weeks post-MI. We chose the 1 week time point because of poor image quality early after MI due to presence of a left-sided pneumothorax. Rats were anesthetized with 1.5% isoflurane (using a nose cone) for the duration of imaging; heart rate was monitored and the animals' body temperature was maintained at 37°C during image acquisition. We used a 14-MHz transducer coupled to a Vivid 7 echocardiography machine (GE Medical, Milwaukee, WI). Two dimensional long axis images were used for ejection fraction measurements (calculated as the difference between end-diastolic and end-systolic volumes normalized to end-diastolic volume, expressed as a percentage). Subsequently, an apical short axis image (distal to the papillary muscles, including the infarcted region) and basal short axis image (basal to the infarcted region, at the level of the papillary muscles) were acquired. Left ventricular ejection fraction was calculated using the area-length method. (9) The adjustments of the sector width for this transducer resulted in a maximum frame rate of 90-100 frames/sec.
Circumferential strain-Initially, we analyzed radial and circumferential strain for measurement of dyssynchrony. In the first 2 animals, we noted significant variability in peak amplitude of strain and time to peak strain in the radial direction. Hence, we restricted our analysis to circumferential strain. Additionally, circumferential strain has been shown to be a more dynamic parameter and indicative of dyssynchrony in an experimental model. (10) Furthermore, the feasibility and reproducibility of circumferential strain in small animals is superior to longitudinal and radial strain. Apical long axis views in rodents are challenging to obtain repeatedly, reducing the feasibility of longitudinal strain. Similarly, due to sampling issues, radial strain correlates poorly with reference standards and appears more variable in validation studies.(11) Circumferential and radial strain contribute to overall changes in chamber volume over the cardiac cycle more so than longitudinal strain and thus would better reflect changes in ejection fraction in our model.
Image processing was performed off-line. We used the speckle-tracking algorithm in the EchoPac SW 7.1.1 version PC workstation (GE Medical) in order to measure circumferential strain. Based on the 2D short axis images (SAX), the end-systole and end-diastole time points were defined; subsequently, three different cardiac cycles from each acquisition were selected for further analysis. Briefly, after selecting the cardiac cycle, the software prompts the operator to apply a region of interest in a 'click to point approach' in order to delineate the endocardium. Subsequently the software automatically defines an epicardial and mid-myocardial line and processes all frames of the selected cardiac cycle. Then, the software automatically outlines 6 segments per short axis view. The circumferential strain value was calculated for each segment. Circumferential strain values are negative values; as contraction progresses, the circumferential strain values become more negative. Segments with poor quality tracking were excluded from the analysis. For the apical short axis views we identified the segment with the lowest circumferential strain value, at 1 and 4 weeks post-MI for each animal and refer to it as regional strain of infarcted region. Mean circumferential strain was defined as the average strain of all segments in a particular short-axis view. Intra-observer and inter-observer variability analyses were performed using five randomly selected studies. For intra-observer analysis, measurements of the five selected studies were repeated on 2 separate occasions by the same observer. Inter-observer analysis was performed by two independent observers who were blinded to the results of each other.
Mechanical dyssynchrony evaluation-In all animals and for all myocardial segments, the time to peak circumferential strain value was calculated using GE analysis software. For each animal, mechanical dyssynchrony was assessed for the apical and basal SAX acquisitions at 1 and 4 weeks post-MI, by measuring inter-segmental mechanical delay. More specifically, the time delay between opposing myocardial segments of the basal and the apical SAX view was calculated separately and the higher measured delay was used as a measure of mechanical dyssynchrony for the base and apex respectively. Three different cardiac cycles were analyzed and the values were averaged.
Real time quantitative polymerase chain reaction for quantification of engraftment (q-PCR for rat SRY gene)
Animals from the cell-injected group were sacrificed 4 weeks after CDC transplantation; hearts were explanted, weighed and homogenized. Injection of CDCs harvested from male rats into female recipients permitted use of the male-specific SRY gene, located on the Y chromosome, as a target for qPCR. (12) Since there is only one copy of the SRY gene per cell, the number of copies of the SRY gene (determined by qPCR) in the recipient heart corresponds to the number of transplanted cells. (See supplemental methods)
Statistics
Values are reported as mean ± SD. The paired t-test was used for intra-group comparisons of the echocardiography measurements at 1 and 4 weeks post-MI. The Spearman′s correlation coefficient was used to assess correlation of the echocardiography parameters. The independent sample t-test was used to compare the EF values of the 2 groups at 1 and 4 weeks post-MI. A p value less than 0.05 was considered statistically significant. Mean difference, standard error, upper and lower 95% confidence interval limits and t tests were performed for calculation of inter-observer and intra-observer variability. (13) 
Results
Characterization of infarct model by PET
Infarct size in this model was 15.4 ±3.6% of the LV. Intra-myocardial CDC injection resulted in cell localization in the infarct and border-zone (Figure 1 ).
Non-infarcted, baseline echocardiography parameters
Baseline echo parameters were measured in non-infarcted rats (n=10) and are shown in table 1: Mean circumferential strain at the apex (n=9) and base (n=9) was similar. Mechanical delay of the base and apex was 12.1±5.6msec and 9.4±2.5msec respectively (p=NS).
CDC transplantation improved LVEF post-MI
There was no significant difference in LVEF between the two groups of animals, one week post-MI (p=0.3), indicating that all animals suffered a similar ischemic insult. However, 4 weeks post-MI, there was a significant increase in LVEF in the CELL Group (44.6±7.6% vs 51.5±7.4%, p=0.02,) and a significant decrease in the PBS Group (47.8±4.8% vs 40.2±4.2%, p=0.02) (Figure 2A ). Left ventricular end systolic (LVESV) and end diastolic volume (LVEDV) did not differ significantly among the PBS and CELL groups at 1 week post-MI (LVESV, 128±13 vs 133±28uL, & LVEDV, 248±24 vs 240±38uL, p=NS). At 1 month post-MI, LVESV was 227±64uL in the PBS group, (increased by 76.5%; p=0.011), and 183±80uL in the CELL group (increased by 37.6%; p=0.129). LVEDV was 386±111uL in the PBS group (increased by 55.8%; p=0.018) and 365±117uL in the CELL group (increased by 52.0%; p=0.033).
Regional circumferential strain in infarct/peri-infarct region is increased by CDC transplantation
Intra-observer reproducibility was high for strain (mean difference 1%; 95% C.I. 1.0 to −1.0%). Similarly, no significant differences were noted in inter-observer measurements for strain (mean difference 1%; 95% C.I. 3.0 to −3.0%). We excluded 3.1% of the segments from analysis due to poor tracking quality.
There was no significant difference in circumferential strain between the CELL and PBStreated groups at 1 week following transplantation. In the CELL group, from week 1 to week 4, there was a significant improvement (−7.3±1.8% to −10.4±1.3%, p=0.02) in mean apical circumferential strain. In contrast, in the PBS group, mean circumferential strain significantly worsened (−8.1±2.0% to −6.6±1.3%, p=0.02; Figure 2B ). In the CELL group, the regional circumferential strain in the infarcted area improved significantly from week 1 to week 4 post-MI (−2.4±1.5% to −5.4±1.8%, p=0.01), but did not change in the PBS (−2.4±2.0% vs −2.2±1.2%, p=0.8) group ( Figure 2C ). Increase in LVEF in the CDC-treated animals correlated with improvement in mean circumferential strain of the apex (r= −0.78, p=0.002; Figure 2D ) and regional strain of infarcted region (r= 0.7, p=0.005).
In both groups, mean circumferential strain measured in the basal short axis images (noninfarcted region) did not change significantly from week 1 to 4 post-MI ( Figure 3A ; from −19.0±2.9 to −17±2.4, p=0.398, PBS Group and from −19.4±2.2 to −20±1.5, p=0.416, CELL group) and was not correlated with change in global EF (r=−0.33, p=0.3; Figure 3B )
Dyssynchrony in infarct/peri-infarct region is decreased by CDC transplantation
There was no significant difference in mechanical delay between the PBS and CELL-treated groups 1 week post-transplantation/MI ( Figure 4C ). Maximal mechanical delay (dyssynchrony) in the infarct/peri-infarct region (apex) decreased significantly from week 1 to week 4 post-MI in the CELL group (45.3±9.8 msec vs 28.37±11.1 msec, p=0.04) ( Figure  4A ) but there was no significant change in the PBS (42.4±12.0 msec vs 45.7±12.6 msec, p=0.6) ( Figure 4B ) group. Furthermore, no significant change in mechanical delay was observed during this time period in the basal short axis acquisitions (9.2±3.1 to 22.7±13.4msec; p=0.079 for the PBS Group and 7.5±2.5 to 11.6±4.8 msec; p=0.054 for the CELL group). In both groups and at all time points, the apical segments demonstrated greater mechanical delay in comparison to the basal segments. Finally, decrease in dyssynchrony correlated with improvement of LVEF (r=0.6, p=0.02) ( Figure 4D ).
Heart rate did not differ significantly from week 1 to week 4 in the PBS (307±37 bpm vs 287±58 bpm, p=0.2) and CELL (277±22 bpm vs 277±19 bpm, p=0.9) groups.
Low CDC engraftment at 4 weeks post-transplantation
Using quantitative PCR, we found that 2.4±3.3% or approximately 48,000 CDCs were present (engrafted) in the heart 1 month post-transplantation.
Discussion
The main findings of this study are that CDC transplantation into ischemic myocardium improved LVEF by augmenting circumferential strain and decreasing dyssynchrony of the infarct/peri-infarct region, at 4 weeks (but not 1 week) post-MI/transplantation. Our results are concordant with previous cell therapy studies, wherecell transplantation post-MI improved left ventricular function and dyssynchrony. (4), (14) These studies examined the effects of transplanting human cells derived from the bone marrow (4) or cord blood on (14) strain/dyssynchrony following myocardial infarction via the intra-myocardial and intraventricular route respectively. Our study extends the findings of these two studies by quantifying strain (within, near and remote from the infarct), dyssynchrony and engraftment in a syngeneic small animal model of cardiac-derived stem cell transplantation acutely post-MI. Taken together, these 3 studies indicate that irrespective of the stem cell type, route and timing of cell transplantation (relative to MI), improvements in regional/global strain and dyssynchrony underlie functional improvement following cell therapy.
In post-MI models, infarct expansion and LV remodeling begin within hours after MI and progress,(15) resulting in worsening strain in the infarct and peri-infarct regions. (16) Here, we demonstrate significant improvements in LVEF in CDC-treated animals, but not PBS treated animals at 4 weeks post-MI, which is similar to that reported before. (5, 8, 17) This increase in ejection fraction was driven by improvement of strain in the infarct and periinfarct regions, and occurred despite low levels of CDC engraftment, documented by quantitative PCR. Based on the size of the infarct, we estimate that complete cellular replacement of the infarct zone would require >1 million cells. (18, 19) Since the number of surviving CDCs is too low to provide direct contractile support via differentiation into cardiac myocytes, our results support the notion that paracrine mechanisms (7) play a major role in the functional benefits of CDC transplantation post-MI. Previous studies using CDCs reveal that these cells secrete an array of cytokines and growth factors, including IGF-1 (insulin-like growth factor-1), HGF (hepatocyte growth factor) and VEGF (vascular endothelial growth factor (20, 21) ) that have been shown to play a protective role post-MI, by reducing cell death, improving the microcirculation and attenuating adverse remodeling. (22) (23) (24) (25) (26) In addition to tissue preservation, paracrine factors can also influence viable infarct border-zone myocytes, promote recruitment of endogenous stem cells and boost the regenerative capacity of the heart post-infarct. (27) Histopathology studies in experimental models confirm that CDCs induce cardiac regeneration by direct (engrafting, differentiating into cardiac myocytes and endothelial cells) and paracrine mechanisms. (5, 28, 29) The novel result of this study is that CDC transplantation resulted in improvement of LVEF and strain parameters of the infarct and peri-infarct zones at 4 weeks, but not 1 week following transplantation/infarction. This finding suggests that a direct paracrine effect on contractility of surviving myocytes in the infarct/peri-infarct region probably does not play a role in improving function, since maximum growth factor secretion by transplanted CDCs has been detected in the first week following transplantation. (7) Since measurements were not performed immediately post-MI (due to technical reasons), we cannot rule out the possibility that the CDC-treated group had larger MIs at baseline, and CDC therapy influenced infarct size positively at 1week, resulting in lack of difference between the CDC and PBS groups. Nevertheless, the CDC-treated group continued to improve after 1 week, while the PBS-treated group worsened, suggesting that cardiac regeneration played a major role.
We used speckle tracking methodology for calculation of strain. The main advantage of this technique over tissue doppler imaging-based strain measurements (30) , (31) , (32) is that 1) measurements are angle independent and 2) it can distinguish active from passive movement. Strain-based parameters are sensitive indicators of regional and global cardiac function, and have been extensively validated in experimental and human studies. Ultrasound derived strain is an inexpensive and reliable means of quantifying the regional and global response to stem cell transplantation. In our study, we offer yet another potential application of strain in stem cell transplantation, namely, the assessment of dyssynchrony. The evolution of dyssynchrony after stem cell transplant appears to be concordant with improvement in function suggesting that improvements in dyssynchrony may be a potential mechanism by which stem cell transplantation improves regional and global function despite low engraftment rates.
Study limitations
In the current study we used only circumferential strain measurements because we found that radial and longitudinal strains are unreliable in a small animal model. This study focused on evaluating the mechanical basis for changes in regional and global function after stem cell therapy. Accordingly, detailed analysis of potential molecular and cellular changes was not within the scope of the study. Additionally, we did not perform histopathology or test whether the effects of stem cell therapy are long lasting. But, based on previous detailed studies in CDCs that demonstrated regeneration of blood vessels and cardiac myocytes in the infarcted region (5,28), we would anticipate sustained functional benefit following CDC therapy. Here, we compared the effects of CDC therapy with PBS and did not include an additional control group like fibroblasts since previous studies by our group revealed that fibroblast transplantation did not result in paracrine factor secretion (29) or improvement in ejection fraction (5) . Additionally, we did not have a sham group that would have evaluated the effects of injection on local tissue and angiogenic effects in normal myocardium. Lastly, since rodent infarctions are often very eccentric, the true volumes reported here may not be accurate, but we anticipate that this error would be equal for both groups.
Conclusion
CDC transplantation following acute MI improved regional and global contractile function, and decreased dyssynchrony of the infarct/peri-infarct region, 4 weeks post-MI/ transplantation, despite low CDC engraftment. Based on these results, ongoing attempts to increase stem cell engraftment would be expected to decrease dyssynchrony even further by augmenting cardiac regeneration.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. CDCs were identified in the infarct region and border-zone, 1 hour following intramyocardial injection. Polarmap presentation of 13 NH 3 perfusion PET (A) and 18 FDGlabeled CDCs PET (B) from the same 3D sampling points. C. Co-registered polar map of perfusion defect (white) and CDCs signal (red). Regions were defined using 60% threshold from maximum counts. Transplanted CDCs signal is found mainly in the region of the perfusion defect. 
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